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445 12th Street, S W

Washington, D C 20054

Re in the Matter of
Mitigation of Orbital Debris
Notice of Oral £x Parte Prescntation
IB Dockel No. 02-54

Dear Secretary Dortch:

On December 22 and 23, 2003, representatives of The Boeing Company met and had
conference calls with representatives of the International Bureau i order to express concern
regarding a possiblc proposal to require geostationary (“GSO”) satellites operating in the
Mobile-Satethic Service (*MSS”) to maintain a longitudinal (East-West) station keeping
tolerance of 0 05°, rather than the currently permitted tolerance of O e

Participants tn the December 22nd mecting for the Commission included Roderick
Porter, Deputy Bureau Chiefl Jackie Rufl, Assistant Bureau Chict, Karl Kensinger, Assoclate
Division Chief, Joann Lucanik, Assistant Division Chief, John Martin, Semior Engineer, Steven
Spacth, Satellitlc Policy Branch, Stephen Duall, Satellite Policy Branch and Sankar Persaud,
Satellite Engincering Branch  Participants in the December 22nd meeting (either in person or on
the telephone) for Boeing were Jeof McAlhster, Henry Bazak and Thomas Walsh of Boeing,
along with Bruce Olcott of Squire, Sanders & Dempscy L.L.P. Participants mn the December
23rd conference call included Karl Kensinger, Associate Division Chief, John Martin, Senior
Engineer, Stephen Duall, Satcllitc Policy Branch, Sankar Persaud, Satellite Engineering Branch,
leof McAllister of Boeng and Bruce Olcott of Squire, Sanders & Dempsey L.L.P.

Boeng urged the Commussion to refram from adopting a 0.05° longitudinal station
keeping tolerance for MSS salellites because such a rule 1s unnecessary for the safe and effective

' See Mitsgation of Orbital Debrs, Nouce of Proposed Rulemaking. I3 Docket No 02-34, 9 47 {March 18, 2002)
("Chbuial Debris NPRAM?)  Mobile Satellite Ventures was represented at the December 22nd meeting by Bruce
facobs of Shaw Pittman M8V expressed concerns similar to those of Boeing
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operation of GSO MSS spacecraft and will significantly increase the costs of operaling GSO
MSS satellites  Boeing explained that the use of a 0.05° longitudinal station keeping tolerance
for Boeing’s 2 GHz MSS satellite would result in as much as a six-fold increase 1n the amount of
onboard propellant that would be consunied to maintain the spacecraft in its assigned orbit. Asa
resull, the anticipated 12 ycar useful hife of Boeing’s 2 GHz MSS spacecraft would be reduced
by approximately 50 percent© Boeng cxplained that the severe negative impact of a 0.05°
longitudinal station keeping tolerance results from a combination of the factors within the overall
available longitude budget,] including n particular the significant area-to-mass ratio of Boeing’s
spacceraft and its use of a shghtly inclined orbit

As explamed durmg thc mceting, 1t 1s a growing industry practice lo operate
geosynchronous MSS satellites in a shghtly mchined orbit.  Consistent with this approach,
Boeing’s 2 GHz MSS spacecraft was designed 1o operate with an imtial North/South inchination
ol as much as six degrees. The method 1n which this orbit 1s imualized ehminates the nced for
North/South slation keeping maneuvers during the operational life of the spacecraft, reducing the
need for onboard propellant

The 1nchnation also creates an analemma latitude and longitude deviation, which
manifests as a “figure-8" ground track, crossing the cquatorial plane twice per day This
longitude vanation due to inchination becomes an added component to the fongitudinal station
keeping tolcrance, even near the equator

Additionally, thc usc of a large spacecraft antenna, body and solar arrays creates
significantly greater solar radhation forces, which increase the required eccentricity of the orbit
and, with 1t, the diurnal longitude vanation due 1o eccentricity. The eccentricity contribution 1s
the largest component of longitudinal deviation durnng an East/West station keeping cycle for
Boeing’s 2 GHz MSS satellite.

To further explain the increase, four primary components of the overall available
longitude budget should be considered  The first of these components 1s an “inclination offset,”
which results entircly from the longitudinal deviation near the equator as a result of the orbital
mehimation  For GSO spacecrafl, this term 1s neghgible. For GSO spacecraft with a significant
mchination (~5-6°), however, this term can consume as much as 0.01° from the longitude budget.

* Even though Boewng anticipates that a 0 037 longitude sration keeping tolerance would result in as much as a six-
fuld increase 1n the consumption of onboard propellant, Bocimg expects that the reduction 1n the anhicipated useful
life of Boemng's 2 GHe MSS satelhte will be limited to 50 percent  This 1s because Boeing designed 1ts satellite to
havc some fuel remanung afier operaimg for 12 years using a longitudinal staiton keeping tolerance of (1.1°.

' For further cxplanation regarding spacecraft longitudinal budgets see Pocha, | J. An Itroduciion to Muston
Devign for Geostanonary Satellites, Kluwer Academic Publishers, 1ISBN 90-277-2479-2, Chapter 6, Sectton 6 2
(May [987), sce afse Soop, E M | Handbook of Geosiatronary Orbirs, Kluwer Acadenmc Publishers, ISBN (-7023-
3054-4, Chapter 7 (Oct 1994)
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The second component, secular drift, arises from the perturbation of longitude dnift rate
(the first derivative of longitude) by the Earth’s tnaxiality. The size of this term vanes with
assigned longitude and station keeping period (days between correction maneuvers), but will
commonly vary from a negligible value to as much as 0.05°.

The third component of this budget 1s a guard band, sized to ensure that the spacecrafi
will remam within the available longitude budget. Primary terms considered in calculating the
size of this guard band would typically include orbit estimation uncertainty, maneuver execution
uncertainty, and some high-frequency orbital perturbations. This term can range from 0.02° to
0 05° depending on the spectfics of the overall system implementation

The sum of the three terms will range from 0.08° to 0.11° and cannot be changed without
increased maneuver frequency, significant system design changes, or reduced maximum
mmclmation  The fourth term ol the longitude budget 1s the only one that can be leveraged to
reduce thc overall longitude demands of the satellite, a datly vartation caused by the orbital
eccentricity. Increased control of eccentricity, however, creates increased propellant usage over
the life of the satcllite. The increase anises from a change 1n the eccentricity control strategy
from a one maneuver station keeping strategy to a two mancuver slation keeping strategy, with
each of the resulting two mancuvers being much larger than the maneuver that would be

necessary in the one maneuver strategy

In fact, the two maneuver strategy for a 0 05° station keeping box could result 1n as much
as a six-fold increase 1n the amount of propellant that would be consumed to maintain Boeing's
2 GHz MSS satellite i 1ts assigned orbit - This non-linear increase 1s due to the fixed longitude
consumption of the three terms identified above, mandating that all longitude “savings” must
come from significant increases 1n ccecentricity control.  The use of a two maneuver station
keeping strategy would also increase the operating complexity of the satellite because of the need
for more frequent maneuvers and the nced for increased precision in order to ensure that the
larger maneuvers do not have unimtended consequences on the assigned orbit of the satellite.

According to the Noliice of Proposed Rulemaking (“NPRM"), the Commission 1s
considering requiring GSO MSS satellites to maintain a 0.05° station keeping tolerance as “rules
of the road” for the purpose of lmiting the probability of m-orbit colhisions.’ Boeing s unawarc
of any evidence that an appreciable risk exists of a collision between GSO satelliles operating
with a 0 1° longitudinal station keeping (olerance. No evidence of such a nisk 1s identified by the
NPRM, or 1n the vartous comments that were filed n this proceeding.” Tnstead, the NPRM

Y Orbual Debiis NPRM A 47

" The only party that appears o have tiled substantive comments on the station keeping 1ssue was Telesat Canada,
which acknowledged that “[1]t may not be necessary 1o control all geosynchronous satellites to the same precise
requirements, but in Telesal's view 1t 1s important that all have published control hmts which are mamntained ”
('{)ﬂ:mfﬁl\ of Telesat Canada, 1B Docket No 02-54, at 7 (July 17, 2002) A Commussion rule that requires GSQ
MSS «atellites to publish and mamtain a 0 1° station keeping tolerance would satisfy Telesat’s concern
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acknowledges that “extremcly low spatial density” exists m the current satellite spacing
cnvironment, along with an equally low risk of collision between controlled objects.® Although
the number of satellites 1 space continues to increase, the technology for tracking and
mancuvering spacecraft has also improved, obwviating the need for tighter station keeping
requirements for GSO MSS spacecraft

Furthermore, GSO MSS spacecraft usually combine the use of a 0 1° longitude station
keeping tolerance with an inclined North-South station keeping tolerance. GSO MSS spacecraft
opcrating 1 an inclined orbit cross the equalorial arc only twice per day, greatly reducing the
potential for calitsion with satellites operating on the GSO arc. Operators of GSO MSS
spacecralt also where necessary coordinate their operations with the operators of other inchned
GSO spacecraft and neighboring GSO Fixed Satelhite Service ("FSS57) spacecraft operated near
the equatoral crossig ponts. The combination of these factors further reduces the remote risk
of a collision involving a GSO MSS spacecraft and other controlled satellites.

Bocing acknowledges that the Commussion’s rules currently require GSO FSS satellites
o mamtain a 0 05° longitude station keeping tolerance.” As the NPRM observes, however, the
restriction on FSS satelhtes was adopted solely “for the purpose of avoiding harmful radio
mterference” between FSS satellites® The Commuission created the rule for FSS satellites 1n
responsc to concerns that FSS networks operating in a 2° spacing environment would need the
stringent longitude station keeping requirement tn order to avold harmful interference between
adjacent networks.” No such nterference nisk exists for MSS satellites, the feeder links for
which operate at relatively low power using small numbers of large gateway earth station
facilities

The Commission recently addressed this same 1ssue with respect to longitudinal station
keeping requirements for GSO salellites operating n the Direct Broadcast Satellite (“DBS”)
service " The Commussion considered and rejected the possibihity of imposimg a more stringent

" Orbual Debiis NPRM. 9 50

"The text of subsection 25 210()) does not expressly mdicate that it 1s applicable solely to FSS satellites  The nitle of
Section 25210 “Techmical Requirements tor Space Stanons in the Fixed-Satellite Service” — makes clear,
however, that the rule applies only to FSS space statwns  Furthermore, the NPRM acknowledges the lumited scope
of the rule. staung that it apphies only to FSS satellites  See Orbrtal Debris NPRM, 4 47

" el

Y See Rules and Regulanions to Reduce Alien Carrier Inierference Between Fixed-Satellites at Reduced Orbural
Spacings and to Revise Application Processimg Procedures for Sarellite Communicanion Services, Second REPOJ’[
and lurther “otice of Proposed Rulemaking, 8 FCC Red 1316, 9 19 {March 4, 1993)

i

See Policies and Rules for the Direct Broadeast Satellite Service, Report and Order, IB Docket No 98-21 (June
13, 2002) ("Puarr {00 DBS Order™), see also Orbual Debris NPRM, Y47 n 89 (acknowledging that the Commussion
18 curtently in the process of revising its rules for DBS by consolidating them with the Pact 25 rules for other
satellite services)
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station keeping requirement on DBS operators, acknowledging concerns raised by the DBS
industry’' and apparently concluding that the public interest would be better served by permitting
DBS satellites to continue to mamtain a 0.1° longitudinal station keeping tolerance m accordance
with Appendices 30 and 30A of the ITU Radio Regulations.'””? The Commission reached this
conclusion even though DBS feeder links, like MSS feeder links, are often treated as FSS
services for regulatory purposes =

The same result would be appropriate for GSO MSS networks. Boeing therefore urged
the Comnussion to continue to permit GSO MSS satellites to maintain a 0 1° longitudinal station
keeping tolerance. No evidence has been presented that a tighter station keeping tolerance 1s
necessary 1n order to avoid n-orbit collisions, or to prevent harmful interference. [nstead,
adoption of such a rule would serve only to increase operating costs for GSO MSS networks at a
time when the MSS industry 1s working hard to bring new services to consumers throughout the
United States.

Following Boeing’s ex parte meeting with the Commission staff, Bocing provided to
members of the staff two U S.-1ssued patents, which provide further explanation regarding the
orbital mechanics i1ssues discussed during the meeting. The two patents, which are publicly
avatlable documents, are provided herein as attachments.

Thank you for your attention to this matter  Please let us know 1f you have any questions

rucg A. Olcott
Counsel for The Boeing Company
Attachments

"oSee 91058 (crting Reph Commenrs of Echosiar Communicauons Corp , B Docket No 98-21 (Apnl 21,
199%))

P 8eed7 C TR § 25 148(1) (2002)
" Sce Part 100 DBS Order, % 117 1 395
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patent 1s extended or adjusted under 335 structure for C()D[[Ullll’]g lhe cecenlricly ol an orbit One
USC 154(b) by O days embodiment ol lhe present wveniwon 1s descoibed by a
method comprsing the step ot perloroung a programn of
(21) Appl No 09/468,701 eccentricity conlrol maneuvers wherein the control maneu-
vers are exccuted at imes and 1 directions sclected 1o apply
22y laled Dec. 21, 1999 substantially all eccentricaty control along a line of anun-
(51) Int. CL7 R64G 1/00. B64G 1,22 ades [n one embodiment, the control maneuvers are tan-
o . . T , I 24, .
GOLG 7778, GOIC 21,00, GOSD 100, GOSD 3400 genttal maneuvers, and vach control maneuver v applivd
! s - ! (;Ubb Jﬁ’[){) C {’]( l-'i";”“(; ncar Ihe hinc of antinades  Provision 1s made tor performing
5 o / :,J; ! ’ additional maneuvers, including node retargeting maneuvers
(52) U" Cl. 244/158 R, 701/226, 701/13 during specihed antervals  Another cmbodiment of the
(58)  Freld ot Scarch 244158 R, 7014226, mvention 15 desenbed by a satcllite in a subslaniially geo-
013 synchronous orbit having a satelhite control system with a
- processor implementing mstructions 1o perform control
(50) References Cited mancuvers as deseribed above Yet another embodiment of
US PAILNT DOCUMEN S the present anvennen 1s described by a command faciluy
i comprising a processor for implemenuny 1nstructions 1o
4827421 * 5/1989 Dondl 044459 porform the program control mancuvers desenbed above,
4?;(4] (5;31 : 3”:233 :)“’;1"‘ Ll ;:j”' :3 & and a commumcatively coupled transmitter for transmitling,
3. 007+ o/ Pacha ¢l a s . .
S124025 * 64997 Camble ol al 263/450 the commands w the vatellite
5320054 * 771994 Turner 244158 R
SSSREI0 91996 Penona 2440158 R 23 Claims, 12 Drawing Sheets
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1
LCCENTRICITY CONTROL STRATEGY FOR
INCLINLED GEOSYNCHRONOUS ORBITS

BACKGROUND OF THE INVENTION

L beld of the Invenuon

The present invennon relates 1o systerms and methods of
stattonkecping satellite orbats, and n particular (o o methad
and system tor controlling cecentnienty in inchined geasyn-
chronous orbus

2 Desenipiion ol the Relaled An

Ower the past severdl decades, there has been a dramdatic
merease 10 the number of satellites in orbit These satellites
are mamtamed in dillerent orbits, which are selecied 1o
allow the satcllite 1w pertorm 1 mtended nussion

Geostahonary sdalelne orbus arc highly valud, because
they allow the satellie to remaun i a fised apparent location
from a reterence on the carth’s surtace When salcilies are
placed 1 such orbis, the ground stations can direct the
lransceviiy, anlennd at 4 (ixed dechion

FIG 1A s adiagram of asateiliie 104 disposed i an orbat
106 around the earth 102 The saleliiic 1494 15 maintained 1n
the desired orbit 106 by performing slationkeeping satellile
mancuvers |hese mancuvers wan be perlormed autono-
mously by the satellie 104 iself using a satellhite control
system 110 having one or more thrusiers LL8 and onc or
more saieline processors 112 implementing one or more
mstructions tor commanding the thrusiers 118 1o perform
stativnkeeping mancuvers Allernatively orin adduion o the
awonomous stdlionheeping techmyue, o command lacility
114 having a command facility processor 116 comniunica-
nvely coupled toa ransminer 120 can generate and transmil
stationkecping commands fo the sacllie 184 Although
Musirated as ¢ gronnd-hased cemmand taaility, the slaten-
keeping commands may be transmiticd from another space-
cratt as well

I'NG 1B 15 a diagram showing a first satelliie 104A 10 a
gecstalionary orbit LO6A Nuc to satelhilv-10-salellite com-
munication interference 15sues, satellites wn such geostation-
ary orbiis 106A are assigned [0 geostahionary “slols” that are
(12 degrees wide (=0 1 degree about the nominal langitude)
These satellites must remamn within the assigned slon

FIG 1R also depicts a second satelhiie 10413 10 a geosyn-
chronous orbit 10603 Geosynchronous orbits, which are
olen used for communicanons lo mobile custemers (such as
with "GEOMOBILE” satellites) are sinular 10 those of
geostaliondry orbils, cxeept, they have o non-zero mehna-
ton typically m the range of three 10 seven degrees

MG 215 a diagram depicung lbe ground track 202 of a
Iypiedl geosynchronous orbit 1068 the wenter 204 ol (he
“fipure-8” depacted by 1he ground rack 202 1s gl lhe cqua-
wrial plane ol the canth 102 The satellic 1048 passes
through the ground track center 204 twice cach day, onee at
the ascending node 208 and once at the descenching, node
210 The mouon s more womplex m praclice, dus 1o urbit
coewntricaty, dnlt and periurbing lorees Despite the satellile
10413 motion, interfcecnee 1s sbill a problon, and the sarelhilc
104B 1 thercfore stll constramed 10 the 20 1 degree sl
ncar the cquatenial plane The geosynchronous satelhic
1041 cannot slay imside the =0 1 degree slot all of the nme
{the wadth of the ground track stsell exeeeds the £0 | dugree
window by tseil when the orbital melination cxeeeds about
48 degrees)

this problent 1y especially entical for current and tolure
generalion spaceeratl Such spaceeratt olten have large solar
arravs and solar collecrars, and therefore receive a sirong
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solar Torce This solar torce produces a large sleady state
cccentneily when a single burn sun-synchronous perigee
stanonkeeping siralegy 15 used s ceeentrreity 1s difficult
1 contrel etficiently, ¢ven when a sun facing perigee sta-
nonkecping strategy (which compresses cccentnety using
drtl control maneuvers) s used 1o conserve fuel In some
satellites, 1he eastywest longitude cxeursion due o veen-
ety can lake up more than half the widih of the slot Other
Factors alsu consume slol 108 widih, including drift over the
manguver cycle, maneuver execution crror, mpropellant
momenium dumping disturbances, orbil determination error,
and orbit propagaton error A discussion of these contribu-
tors s presented in “The Operation «nd Scrvice ot
Korvasat-1 i Inclined Orbu,” AIAA paper 98-1352, which
relerence 1s incarporaled by refercnce herein Hence, closer
controd ol the excursior duc o eccentnicity 1s required

There are many possible soluuons 10 ths problem One s
o ntroduce 2 maneuver scheduler, allowing drfi mancuvers
1o be perlormed datly I'his soluion would require more
complicated satellue processing  Further, this solubion
would be difficult 10 implement tor satellites alrcady
on-orbl, and would only be hetplul a1 “hgh-dolt” long:-
lucles

Anolher possiblc solution 1s to use a “Iwo-maneuver”
saillite manesver scheme wluch perlorms burns i both
tangential directhions 10 maintain tighter conirol over the
cccentniaty  Howevir, this soluwuon requices more
propellant, additional thrusters, and rdises ssues of addi-
nonal plume mpingement

Another polential solution s to implement an axial firng
mode 1n which radial AV 15 used to control eccentricily This
solunen uscs roughly twice the fuel of a langental AV
seheme, and would require modilicd maneuver planning
alporithms, and changes o the allitude centrel system
(ACS)

Another polential selution would be 1o implement a
shorler orbilal stahonkeeping maneuver interval This would
not provide any propellant savings, bul would reduce lon-
wiludmal drft berween maneuvers However, this 1s a
manual equivalent to the firsi proposed sclution, and the
shorlened staionkeeping maneuver inlerval would increase
SUpPPOr! OPCralions cosls

As 15 apparent from the toregomng, there 1s a need for a
stationkeeping method tor satclliles 1in geosynchroncus
orbits that provides the necessary longiludinal control near
the equatorial planc, wilhout requinng Lhe operational,
hardware, or software costs oullined above The preseni
invenuon satishes that need

SUMMARY )1 I'HE INVENTION

To address the requirements deseribed above, 1he present
invention discloses ¢ method for controlling the eceentncity
of an orbt

One embodimont of the prosent iavenhon 1s descnbed by
a method comprising the siep of pecforming a program of
cecentneily control mencuvers wherein the conlrol maneu-

vers are executed at imes and in directions selected to apply
submfantally all eceentrnianly control along a hine ol anun-
odes In one cmbodiment, the control mancuvers afe tan-
gential mancuvers, and each control maneuver 1s apphed
near lhe line of antinodes Provision s made for performing
addiional maneuvers, including node retargeting mancuvers
during specified intervals  Another ¢mbodmment of the
nvenuon 1s described by a satellie i a substanlally geo-
synchrorous orbit having a satellite contrel system with a
processor implementing instructions to perform control
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muancusers as described above Yo another embodiment ot
the present avennon 15 describud by a command lacility
comprising a processor for implementing instruchens e
perform the program contrel mdancuvers descnbed abave,
and a commumicatively coupled transmetier [or ransmutiing
the commands 1 the satcilue

BRICTF DESCRIPTION OF 1L DRAWINGS

Relernng now w the drawings i which like relorence
numbers represent corresponding parts throughout

FIG TA s a diagram of a satellile disposed inoan orbu
around 1he carth,

FIG LB s a diagram of a saelline ina geostationary orbit,

MG 215 o chagram depictng a ground track of a typical
genslatenary arbit,

1IG 3 s a dhiagram llusiraiing a source ot traxial ditl,

FIG 4A 15 a chagram showing an ellipncal orbit of a
satellue around a gravitalional body,

FIG 4B v g diagram showmig 4 stationkeeping strategy
Lor bath dnfi and eccenineny control,

FIG 5A s a diagram showing how an cocentoaly veclar
tor a peosynchrenaus orbit varies over lime,

FIGS SB-5D are dipgrams llustrating the clledt of a
coniral maneuver on the ecceniricily veclor,

FIG 5L 15 o diagram Musirating the sun-synchronous
control slralvgy,

1IG 615 a chagram showing 1he relationship between o
ground track of an inchined cireular geasynchronous arbi
and the slot,

168 7A and 7B 1s a diagram showing a view ¢l 4
spacecrafl in an inchned geosynehronous arhal,

WG 8 s a flow chart dlustraning the method step used 10
pecform saicllue slalienkeeping, 1n accordance with one
cmbodiment of the present mvenuon,

11G %15 a low chart showing another embodiment ot the
present invention in which the cecentricily control maneuver
1s performed by direcling an impulse in a direehion tangen-
tial to the satellite orlat,

t1G 10 s g plot ol the eccentncily lor an cxemplary
spaceeratt moan inchined  geosyonchronous orbat without
LLLentrcy eontrol,

TTG 1L s a plot showmg the impact of @ Sun-facing
pernigee cecenlnicily control stralegy on the orbutal eceen-
tricity charactensiis shown m FIG 10, and

LIG 1215 4 plot showing the mmpact o) the vceningily
cantrol stratepy ot the present invenuon an the orbital
ceeeninicily charaetenistics

DLTAILED BLSCRIPTION OF PREFERRLED
EMBODIMENTS

In Ihe following description, reference s made 1o the
accompanying drawings which lorm a part hereol, and
which 16 shown, by way of llusirahion, several embodiments
of the present wventon 1o s wedersiood (hat other embod-
mers may bo utlivud and sirnciural changes may be made
werthout deparung Crom 1he scope of the prosent mvention

As deseribed above, 111s critical 1hal satellines in geosyn-
chronous orbits 1061 remam within thoir assigned slor 108
when crossing near the equatonal plane There are 1wa
major sources orbital characteristics that causs a spacecrafl
10 caeeed the slat boundaries dnlt from inaxial perturbanion
snurces, and eceeniricity

FIG 31y a diagram dlusiranng the source of triaaial drilt
Leiaxial drifi as caused by irrepufariies inthe gravitanonal
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licld ol the earth L2 T hese are caused by the earth’s sugface
variations and chiTerences n the densiy ot matter near the
carth's surface FIG 3 depicisthe carth 102 viewed trom the
North Pole 302 The nominal profile 304 of the earth 102
from this view 15 subslanually circular However, surface
and densiny varations result in an effcctive profile 306 that
s beller approximaled as ellipucal These arrcpularinies
induce o triaxiahity perturbation 308 that induces satellite
monoen If lefit uncurrected, these perturbations will allow the
satellite o dnit from s slot 108

A sccand magor source of dnfi 1s duc 1o the ecocatneily
ol the ortnl 106 Althouph the orbas are ideally carcular, sun
force perturbations and perierbations from other sources
combine 1o dnive wnihally aircular orbus of (o clliptical orbits
ul varymg elonincities

FIG 4A1s a diagram showing an clhpucal acbst 106C of
a spacccrafl around the carth 102 or other gravitational body
An elliptical orbit 106C includes a perigee, 1n which the
orbual speed ot the spacceraft 1s maxemum and the distance
from the carth 102 1s at a nunimum, and an apogee 1n wluch
the orbital speed 1s al a mimmum and Lhe distance from the
earth 102 15 al 2 maxumum The clliptical orbit can also be

described inwerms ol an eccentrieiy vecloer © 404, which
has a magmitude propartional 1o the eccentricily of the orbit
and a duecnion that always pownis 1o the pengee

FIG 4B 15 a cdiagram showing a stationkeepingg siralegy
for bath dnft and eccentricity conirol Retrograde mancu-
vers (those 1 the opposite duaection from the spacecaft's
velouny veclor) are an efficient way  counleracl dnfi due
1o posigrade acccleration (those 1n the same derection as the
spacecraft 104 velocny vector) To account for triaxal drift,
retrograde maneuvers (illustrated as AV 406 10 FIG 4B) can
be performed al any poim an the orbit However, efficient
carrection of cecentricaly induced from solar perturbation
SOUrLes, 1wo mancuvers, including a posigrade mancuver al
apogee ¢nd a retrograde mancuver al pengee are required
These mancivers arc illusirated as 8AV and as 408A and
08B, respectively in FIG 4B To reduce the number of
maneuvers required, the drft mancuver AV 406 may be
performed at the same Time as the first S8AV maneuver 408A
Even so, sccond eccentricity maneuver 3AY 408B mus! be
performed 10 aull out drift components caused by the first
eccenteicily mancuver DAV 408A Furthor detalls regarding
this stalwnkeepug techmique can be lound 1n “An Introduc-
tion 10 Mussion Design tor Geostatonary Satelhtes,” by 1 )
Pocha, 1987, and US Pat No 5,124,925, issued to Gamble
el al for “Method for Controlling Casi/Wesl Metion of a
Guastationary Satelhie,” both of which are hereby 1ncorpo-
ratedl by reference herein

‘The prohlem with this multiple maneuver lechmgue 15
that o requires both posigrade and retrograde maneuver
capdbiliies Thuis requires eitber posigrade and retrograde
thrusters, or a more robust satellite ACS and navigation
capabihily 10 rolate the spacecraft before 1he maneuver
enging 15 activated Since the mummum maneuver reguired
wold control drift only, 1t also requires addmonal fuel

FIG 5A1s a diagram showing how the eccentricity vector
404 tor a geosynchronous orlit varies over ume in the
absence of mancuvers When vicwed o an earth centered
mertial frame, the eflechive direction ot the solar perturba-
tion forces appears to rofate round 1n a circle over the course
of a year This changing solar perturbation causes (he
cireular ecceninenty plot shownan FIG 8A Siarhag from an
inihal cecentricily of zero, sotar perturbanion torees in a first
ume merval resuil 1n an orbi with eccenincity 502 Qver
then next interval, solar forces combine 10 udd an eccen-
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Iricaty vector change or della cecentrieity Ac,,,, 504 10 the
tinal eccentnicity vector €5 SU2, resulung in an eceentricity
veclor of ¢, 506 I'he eccentnicily reaches o maximum al
Cozy SU8, and then beecomes smaller, eventually returoing, o

ZCT0

EIGS SB-5D are diagrams illustrating the ellect of con-
fral mancuvers on the ceeenineiy vector This example
assumes that the magninude of the contral mancuver 15 that
which s requiced to counter dridt, thal this mancuver 1s
conducted al the pont o the ofbit whire 1its direction will
oppose lhe dritl and the solar torce, and thal the magmtude
ol the drih control s oo small 10 101ally cancel 1he solar
forwe effect

FIG 31 shows the vector summing of the ceeentowaty
veelor e, 502 and the perturbation Ac,, ,, 504 10 produce 1he
ceeeninenty veclor e 506 TG 5C shows 1he eccentricny
contribuion (Ae,,,.) 520 (rom the apphicaton ol 4 weeen-
Lty control maneuver, and the impact on the eccentricity
veClor e, ,,,, 326 (4 veelor sum ol (AcF,L,,-Ac,,W,) 524 and v,
502 Nole that the impact of the cecentriaaty control maneu-
vor s 1o reduce the radius of the eceeninciy arcle

G 5D s a chagram the illustrating the effect of such
eoeentnony control stanonkeeping mancuvers on the ceeen-
tricity of a geosynchtonous orbit The peak eceuntrivdy over
a vear tor an orbit with zero mitial eccentinealy, subjet 1o
drilt control maneuvers phased o opposts  cweentrienly
growth, yet loo small ip magmitude 1o elimmate eccentricity
growlh s e 509 Nole that this 1s smaller than the peak
grawth withoul eccentrieny control—¢,,, .. S08 1 HIG S5A
Note also thal the eccentricity control maneuvers are effec-
tive 1n reducing the eccentrienty of the orbit throughoul the
vear What is desired 15 10 keep the maximum eccentricily as
small as possihle This can be accomphished with the use of
sun synchronous ecceniricity control

FIG SE s a dagram llustrating the sun svinchronous
coeenireny vontrol siratepy 1ere, advantage s 1aken of the
Lact that the solar force cecentricity perturbation s nol
mernally fised, bul rotates with a penxd vl one suar By
intlialieng the eccenheity ¢, S10 so that the pergee
faces the sun (hence the Icrm * sun facing pengee strategy '),
the sccentricity veetor roldtes i nerhial space once per year,
wilh a ocarly constant magmitude Advaniage 1s laken ol the
fuel reqaired by drili control, 10 porform the tangenial drfl
bum wilth a lorce vector towards the sun {lor 4 given
longnucls, this will be at the same nme ot day—6 AM or 6
PM, depending on the sign ol the traxial lerm), thus
compressing the eccentnaty circde 514 Thig reduce, the
average eccentrnicily value, and hence, the magnuude of the
casl-wesl osciilation Furthor detarls about the sun synchro-
nous cccentrictty coatrol stralegy wan be tound o section
¢ 232 ol “An [otroduction 10 Mission Design for Geosla-
uonaty Satellues,” by J T Pocha, which 1s hereby mcorpo-
raled by reference herein

Thus, the imnal cocentneny &, 310 5 chosen so that
the inaximmum ceeontricily at any pomnt o the plet remains
wilhin the maximum allowable eccentniuty 512 T'he maxi-
mum eccentrdy 512 1s chosen so that when all the orbital
perturbations are considered (meluding ceeenteicny), the
sdiellite remams in s designaled <lot 108

Lven using the loregoing strategy, stationhevping the
spacecrall within the slot 108 ¢an be problematic, and this
15 parlicularly true for satellites ol low weight or with a high
rates ob arcd [0 mass, such as 4 saiclline with large <olar
drrays, because the orbus of such satellies are more severely
impacied by salar torce porturbations Further, the aireular
nawre ol the annual cecentriclly varation causes both
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components of ecceniricily viclor W consume equal statien-
keepmng resources  Further, “sun facing penigec™ strategy
results 10 an east-west longnudinal oscrllauon magmtude
near the cquatonal plane that 15 excessive al some penods of
the ycar, requiring more frequent dofl corrections or added
tuel for direet eccentnenty control

The present invenlion solves this problem by using a
stalionkeeping method that conlrols one degree of freedom
ot the orbilal cceentricity vector much more tghtly than the
othur

FIG 6 15 a diagram showing the relanonship belween the
ground irack of an wehned circular geosynchronous orbit
and the slot 108 Note that the ground track 202 for 1he
inclimed circular orbit 186B crosses the equatorial planc 206
al zero Hence, 0 the absence of orbilal perturbations, the
fact thal the orbu 15 inchinud contributes no error 10 posi-
tonmng the satcliie within ais sler 108 when the satelhitc
crosses the equatorial plane

llor geostanonary (near-cquatorial geosynchronous otbit)
spacecralt, the longiudinal component 602 of the orbit
perlurbations must be mantained wsde the slot 108
thraughout the day (from the greatesl Northern cxcursion o
the greatest Southorn urcursion and back) wo ensure no nsk
of communication nterferenee with adjacent spacccraft
I his means that the absolute value ot the orbital cceentnicily
must be mimimized lo imit 1ts contribution 1o the longetu-
dinal component 602 of any errors This can be achieved
using, the sun-tacing penigee siralegy dhscussed above wilh
respoct L FIGS SA-5L.

However, lor spacecraft i inchned geosynchronous
orbits, a sigmficant porhon of their daily ground track 202
15 spent at latiudes greater than (41 degrees North or 01
degrees south While al these lautudes, longitudinal excur-
sien ol the saiellies 15 not resiricted 1n the same manner as
al the vquatonial plane In fact, such a restncnon would be
impossible (o mect for orbits with inclinahons above aboul
4 8 degrecs, even in the absence of any arbual perturhauons

Hence, 11 1s beneficial 1o perform stalionkeeping mancu-
virs %0 that the satellie remains within s assigned slot 108
near the equalorial plane, but 15 allowed 1o vary from 1ls
nominal orbin a1 other umes The present invention achieves
this resull by using o stazonkeeping method in which one
degree ol treedom ol the orbital eceentricity 1s more tighlly
contrelled than the other This results 10 a system which can
require less fuel 10 maintain a given east-west olerance near
the equatorial plane, and for spacecraft with thrusters on
only one ot its casi-wesl faces, allows a given equatorial
longitude tolerance o be met with [ewer dnft contro)
MANCUVCrS, of, 1N certain cases, 1o be mel dl all

11IGS 7A and 7B arc diagrams showing a view ol a
spaceeraft 1048 in an inchined geosynchronous orbit 1068
The contnbunion of the orbital eccentnenty at the equatonial
plane 15 « funclion of the absolute value of the eccentricily
and the argument of perigee ot the orbit {the argumem of
perigece 15 an angle 708 described by the earlh cenier 702, the
ascending node 704 (the crossing of the orbut from South 1o
North) and the perigee posttion 706). Specifically, wgnoring
seeond order paramelors, the conlnbution 15 described by
equalion (1) below

{2essinfen M

Thercfore, to munmize equation (1) we mmnuze the
value of 2essin(w), (ralhker than simply the eceentriaty € as
n poot art methods)

For mmoderately wnclinud geosynchronous ortts, the rals
of change 1n the ascending node 704 s relatively slow (a
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maximum ol about onc degree per month and much slower
at Lhe beginning and end of saielhie hife) Hence, the tnertial
positien of the ascending node remains tarly constant This
slowly varying value for the ascending node allows the
orbital locanon lor eccentricily vontral mancuvers (Ae,,,,)
1o be convenlently described as beng near the tersection
ol the orbil 106B and the “hine of antodes * 712 (1he “line
ol antmades” 15 a Ling passing through the two antinedes of
e orbit and perpendicularly 1o the hine of nodes 710 passing
through the ascending node 704 and the descending node
714) Ihe hine of danhmodes <dn dlso be defined as ¢ line
drawn through poinis where the orbual excursions in the
northern and southern latnude directions are al o Maximum

In one embodiment of the prosent wyention, the maneu-
ver direction and time s such that an angle 720 berween an
m orbial plane component of the control mancuver AV 722
and an in-orbual plane component of a hine 716 projecied
from the satellite 1o the sun 718 1s at least 30 degrees

FIG 8 15 a How <lagram illusiranng he method step used
o pertorm salcllue stanonkeeping in accordance with the
present venlon As llustrated, this 1s accomplhished by
perlorming a program of conlrol manewvers at imes and 1n
directions o apply substantiallv all ceceninienty conirol
along the hine ol anunodes 712 Ths i« llustrated wn block
802 1n onc umbodment of the wnvention, the foregoing
LONrol maneuvers [ mimmize cccentrictly are perlormed 1in
an amounl required m order 0 mimmize orbial dntt,
especially lrom triaxial drbl sources Sunce dotl mancuvers
can be performed al any 1une, the foregoinyg scheme reduces
the amount of tue!l required to remain in the slot 108 1n
another embodiment of the mvennon, at least & portion of
the cecentricily contral Ac,,,,, 15 dpplied @ opposc al loasl
parl o the ceeentnely perlurbatwons (Ae, ) that oceur
hetween successive control mancuvers Sinee the Sun
accounts for wost of the coecatneity perlurhations, this
embodunent 1ypically results 10 a control mancuver substan-
nally opposing the solar force weeentricny perlurbaliin
(AL’“’H()

FIG 915 a tlow chartshowing another embodiment ot the
present invention i wluch the drilt compensanon mancuver
15 performed by directing an tmapuolse in a direchion 1angen-
tial 1o the <atellite orbit 1048 These "tangential bums” are
typically much more elficient i 1erms ol [uel consumption,
since (he AV impulss effect greater changes in the orbi ot
the satellite In this embodiment, the langental maneuver s
performed when the satellitc 18 near (and preferably ar) the
line of anunodes 712

A slahle control scheme using the above <ralegy 10
munumize the ¢quatonal contribution ol coeentricily
throughout the yearly cycle (1n which the solar foree rotates
the perigee one revolunon) 1s aceomplished by applying the
cocenlrcnty change lor a given mancuver (or pair/sel ol
maneuvers) 1o 4 directuon opposing the component of the
solar loree prlurbanon along the hine of antinodes 710 [his
resulls 1n 4 maveuver al a local time of day (as measured
from the Sun) that varies throughout the year according Lo a
stv month cyele In one oxample, the first af a serics ol
control mdncuvers s perlermed at 6 AM local lime, the
tming el the next mancuver uver the next three months
clocks over 1o midmight, then fhips 1o noon, 1hen, over the
Tollowing, three months, clocks 10 6 AM again When the
maneuver time 15 nuar ooon or nudright, the eccentricny
control Ae, - available will olien be greater than the solar
foree perturbation Ae,, 1o the direction of concern his
resulis inour local oft-nocal-axis eccentncny maxima, each
oweurring shorly betore and alter the perge direction
passcs through the hine of anunodes 710
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FIG 10 1w a plot of the eccentricity for an exemplary
spdceralt whose sole eceentricily control s (o imibialize he
orbit eccentrieity so as [0 mimimze lhe maximum eccen-
ricity thioughout the year In FIG 10, the ¢, axis represents
€oe 40U L TEDRIESENIS €

FIG 11 1 a plot showing 1he finpact ol a Sun-facing
porigee eccentricity conlrol siralegy on the orbital eceen-
iricity charactenisties shewn in FIG 10

FIG 12 1 ¢ plot showing the impact of the eccentriciy
control stralcgy of the presenl mvention on the orbutal
ceeentnicity charactenstics As descnbed above, w keep the
satellne in s assigned slot 108, the value of the cecentnieity
veclor along the antinode (y-axis) s of primary importance,
and 1s therefore mmmized As lusirated 1n LIG 10, the
eccenlneily veeler magnitude remams constanl al about
0000752 and rotates w durection during the annual cycle
Hence, the maximum off axis eccentricnty (in ihe
y-direction) 15 aboui 0 000752 With the Sun-tacing pengee
siralegy, the eccentnaity vector magnitude remams constant
4l about 0 000575, and rolatcs 1n direction during, the annual
cycle Hence, the maximum off-axis ecceninicity
(cceentricity 1n the direction of inferest) 1+ about 0 000575
Using the lechmque described above, Lhe cocentricily varies
during the yedr between about 0 000752 100 000475, but the
component that coninbutes 1 cquatonal longitude excur-
sion (the off-axi1s cecentnicity in the y-cirecuon) s reduced
w a maximum of aboul Q000495 Hence, the [oregoing
wekmque ncreases lhe eflective control excried on off-
nodal-axis eceentricity from 0000177 10 0000257, a 45%
ierease n effectiveness for no addinonal fuel or operational
cost

The forugomg 1s based m parl on 4 sumplified, constant
solar torce model, no other perturbalions impacung orbutal
cecentricity, a constant node (inertially tume invariani loca-
non of the ascending node), and no constrainis on the tming
orduration of the mancuver [n practice, in-plane solar force
wil| vary with the earth’s orbilal ecceniricily and the Sun’s
dechmation relauve 10 1he orbital plane, and there are addi-
nonal eccentricity periurbations from solar and lunar grav-
iy However, the effect ot these perturbations can he
duseribed both analyncally and cmpinically, and (he prin-
ciples set forth above can be used to derve an eccentricity
confrol scheme thal takes these factors inle account For
cxample, the principles described above can be adapled 1o a
numerically dernved cecentricity profile of the satellie 104

As deseribed above, the eeeenirieny profile illustrated in
FIG 12 1ncludes four local maxima 1202, 1204, 1206, und
1208 of ¢, For the Wlustraive examples shown 1n FIGS
10-12, each of lhe periods between successive maxima
1202, 1204 and 1206, 1208 are approximately four weeks
Modfied sccentricity control mancuver stralegies (ditferent
maneuver iming or direction) can be applied dunag 1his
mierval s0 long as such maneuvers do not mncrease the
ofl-axis <ceenineny beyoond the maximum value For

example, as the inertial posttion of the ascending node M
15 slowly varyimg, mancuvers can be purformed dunng this
perexd to realign the eccenlricity pattern such that the
maximum cecentnciy bes along the averape orhbial bne ot
nodes (for the next 6 months, unnl the next remtiahzation
opportunily beiween maxima 1206 and 1208, Thes node
relargeting lechmgue permits the satellie 104 1o use no
add:honal fuel 1o react 1w the slowly varying ascending node
704 posiion over a typical operational hite Maxima 1202
can be delined from the argument of perigee 8 as
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wherein Ac,,,,, 15 the control mancuver’s ellect on orbilal
cecentnialy, and e, 1s the ellect ot perturbations (such as
st from »ular Uleus) on thy obital eceenineny Henee,
the Touregome mancuvers can be porformed when the argu-

munt of perigee s

At wim A, ol
Lo ‘[#]gﬂ(lsfif(o\i{ﬂ] [
LA e L APy
and
Ar [ Ay =
180 Hu;'(ﬂ ] 50 <360 —os 'l—]
ACpun Cpon
degrees

It s alse possible thal o specific implomnentanion ot the
wvenhon may include othor constrails on mancover ming
and/or direcbon, vlien due to cclipse or solar array impunge-
ment consderations  Both ol these constrawals wan be
adapted |0 the loregoing straiegy 1 the mancuver duration
1s considered (instead of the ideahized inslantancous mancu-
ver described above), (he mancuver should b performed so
that the averaged mancuver should be in the direction and at
the time spectfivd above Such 4 mancuver, 1s less cflicient
than the 1ealized mancuver, but ihe overall nercdse 1
mancuver efficiency 15 comparabie 10 that described with
regard to the ideal case above (where o 45% elficiency
mercase was obtained) 1o the cvent thal maneuvers are
consirained 10 exclude curtan nmes ol day ("slayoul
cones™), the maneuvers may be pertormed as close as
passible 1o the deal f1me, beginming at the star of the
slayoul sone unhl the cod becomes proderable Although this
may decredase the ctficicney ol the cceentnaty wontral
scheme, efficioncy gams will suTl be realized

Conclusion

Ius concludes the duseription of the prelerred cmbodi-
mens of the present tnvenhion In summary, the presenl
mvention deseribes a miethad for controlling the ecceniricily
of an arlul

One embodiment of the present invenlion 15 deseribed by
4 methad comprsing the step ol performing a program ol
weeentnicnly «ontrol maocuvers whercin the coaltrol mancu-
vers are exeetlud at imes and i direcnions selected 1o apply
substantially all cceeniricity conlrol along a line of antin-
odes In onc vmbodiment, the control mancuvers are tan-
gential mancuvers, and cach contrel mancuver s apphicd
near the line of anlnodes Provision s made Lor performng,
addinonal maneuvers, including node relargeling mancuvers
durmg spectiied miervals  Another cmbodiment of e
nvention s described by a salellite in 2 subslanially geo-
synchrencus orbit having a salcllite control system with o
processor mplementing nstricuons o perform conirol
mancuvers as descrnibed above Yel anolher emblunent ol
the presem anvenon s described by a command facilily
compnswg, a processor for implementing instructions to
perform the pregram control imaneuvers desenbed above,
and a communicatvely coupled transmitier Lor ransmitung
the commands 1o the salcllite

The forcgoing deseniplion of the prelerred embodiment ot
the inveahion has been presented lor the purposes of 1llus-
trauon and descripion Tis not iniended 1o he exhaustive or
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to himi the nventien lo the precise form disclosed Many
modifications and variauons are possible 1 hght of the
above teaching 111s intended that the scope of the invention
be himued not by this detaaled descnpuion, but rather by the
claimy appended hereto The above specification, examples
and data provide a complete description ol the manufacture
and usc of the composiion of the mvention Since many
crobodimems of the 1nvenuon <dan be made witheust depart-
ing trom the spirtl and scope of the invention, the wvention
resides o the claims herernafier appended

What 1s claimed 15

L A melhod of controlling an eccentricity of a satellie
urhil characlenizable by a L ol antinedes, compnying the
step of

pertornung a program of centrol maneuvers wherein the

control manguvers are excculed al nmes and in cirec-
nons selected to apply subslanually all eccentricuy
cantrol (Ac,,,,,) along the line ot antinodes such thal an
argument ot pengee of 1he satellite orbit during the al
least one year changes by grealer than 180 degrees if
the program ol control maneuvers arc performed for 4t
Icast one year

2 ‘IThe method of claim 1, wherein the direclion of the
control maneuvers 1s such that the cecentricily  control
(Ac,,.,.) resulung trom the control mancuvers substannally
oppose an eccenlncity periurbation (Acp”,,) al lcast i parl
bulween successive conlrol maneuvers

3 The methad ol claim 2, wherein the eccentricily per-
wrianan (Ae,.,,) 15 a solar force cecenineuy perfurbalion
(Ac,.,

4 'the method of claim 1, wherem an apphed impuise of
at leasi ane of the conirol mancuver 15 substantially tangen-
ual 1o the orbit and wheren the control maneuver 1s apphed
near the hine of antinodes

5 The method of claim 1, wherewn the orbit 1 Furiher
characierized by an orbual dnft, and (he control maneuvers
are pertormed 10 an amount 10 control the orbital dnfi

6 ‘Ihe method ot claim 1, wherew the orbn 1s turther
characlenzable by an argument ol perigec. and the method
turther comprises the sieps of

pertorming node retargeung maneuvers when the argu-

menl of perigee 15 botween cos™'(Ae,,, /A, .} 4nd
180-cos™ (Ae,,,,,/Ac,.) degrees

7 lhe method ol claim 1, wherein the orbit s fucther
charactenizable by an argument of perigee, and the method
[urther comprises the steps of

performing node retargeting maneuvers when the argu-

menl of porngee 1s between 180+wb‘J(Ac,,m,,/Atpﬂ,)
And 36005 (AC,, /A, teprees

8 lhe meihod ol clarm 1, wheren the orbit s [urther
characienzable by an argument of pengee, and the method
further comprises the steps of

perlormmg modified conuol maneuvers when the argu-

menl ol periges 15 belween L()\"(Acm”,’Aepm) and
[80-cos™'(Ae,, Wi ) degrees

9 lhe method of claim 1, wherein the orbit is further
charactenizable by an argument of perigee, and the method
further comprrses the sieps of

performing inodihed control maneuvers when 1he argu-

ment of perigee 1s between 180+cos '(Ae,,,./Ac,,.,)
ancl 360-cos™(Ac,,, /Ac,,.,,) degrees -

10 The method of claim 1, wherewn the orbil 1s further
characicrizable by an argument of perrgec, and the method
furiher comprises the sleps of

performing addrional maneuvers when the argument of

perigee 15 belween cos WAe,,,/Ae, ) and 180-cos™'
(AL”,“”/ACPK.") degrees



US 6,305,646 Bl

11

11 "The muthod of claim 1, wherem the orbit 1s Turther
characienizable by an argument ol peryzrec, and the method
lurther comprises the steps ol

performing addibional maneuvers when the argumeni ol

pengee 1y between 180+con™'(A¢,,,, /B, ) and 360-
con” I(AL"m“/‘ACP' ) degrees

12 The methed ol daim 1, wherem the satellite orbit s
a geosynehronous orbit

13 ‘Lhe method ol caim 1, wherein the satellite orbit s
clined between approximately three and seven degrees

14 IThe method of claim 1, wheren the control mancuvers
are executed al imes and 1n directions selected (0 mamtain
the ecceninaity of the satcllite orhit 1o ess than 0003

L5 A method vl porlonming mancuvers W reduce a drity
of an orbil while simultancously controlling an ecceninicity
ol the arbul, comprising the slep ol

!
M

perlormmg 4 program ol wontrol mancuvers 0 control
drift at tunes and in dircchions 10 apply subsiannally all
ceceniricily control (Ac,,,,,,) along the ling ol anunodes
such that an argument of perigee ol the satcllite orbn
during the at least one year changes by greater than 180
degrees 1l Lthe program ot control mancuvers are per-
[ormed for at least one year

16 A salcllite n a substantally geosynchronous orhi

characicrizable by a line of anhinodes, comprising

a satellite conltrol syslem having a processor and a plu-
raliy ol 1hrusters, whercin the processor implemenis
wstructions commanding the thruslers w0 perform a
program ol control maneuvers al times and 10 diree-
nons 1o apply substantially all cccentnicity comrol
(Ae,,..) 4long the hne ot anhinedes such that an argu-
ment of periges of the satellite orbut during 1he at Teast
one yedr changes by greater than 180 degrees 1t the
program of control mancuvers are performed For at
Icasl onc year

17 The appardtus of claim 16, wherein the direction ot Lhe

control mancuvers are such that the cecentricaly control
{AC,,,.) resulting from the control maneuvers subslantially
appose an ceeentricily perturbalion (Ae,.,,) al luast 1o part
belween suceessive conlrol maneuvers

I8 The apparatus ol (laim 16, wherein an apphvd impulse

ol 4t least one ol the vontrol mancuvers 15 subsianially

5

!
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tangenuadl 1o the orbit and wherein the conrol mancuver 1s
apphied near the Line of anlimocles
1% I'he apparalus of elanm 16, whercin the osbit 1s turther
characturized by an orbrtal deult, and the control maneuvers
are performed m an amount o control the orbnal drift
20 The apparatus of claim 16, wherein the ocbit 1s further
characterizable by an argument of perigec, wherein the
processor further implements mstructions lo command the
thrusters to perform node relargeung maneuvers when the
argument of penpee 1s between cos™'(Ae,,  /Ac Y and
L8005 " (Ae ., /AC ,,,,) deprees
21 The appdralus of claim 16, whercin the adt is further
characterizable by an argument ol pongee, wherein the
processor urther 1mplements instructions 10 command Lhe
thruslers 10 perform node retargeting maneuvers when the
argument of pengee s botween 180+cos™(Ac, /A
and 36008~ '(Ac,,,./Ac,, ) degrees
22 A command faciluy for providing stahienkeeping
commands to a salelhie 1 a substantially geosynchronous
orbil chidractenizable by a ine ol antinedes, comprising
a processor implementing instruclions o generate com-
mands 10 pertorm a program of satellite control mancu-
vers al himes and 1 direclions to apply substantially all
weeentrienty control (Ae,,,,) along the hine of anhoodes
such that an argument of penigec of the satellue orhit
during the at least one year changes by greater than 180
degrees 1f the program of control maneuvers arc per-
formed tor a1 least one year, and
a transmiticr, communicatively coupled 10 the processor
1 Lransmil the command Lo the satelhie
23 A method of controlling an eccentricaly ot a salelhte
orbil characterizable by a lne ol anunodes wilule simulia-
neously controlling an eceenincily of the arbit, compnsing
the step of
perlorming a program of contral maneuvers at a time and
i 4 direction W apply substanniaily all cecentocity
wontrol (Ae,,,,,) along the hine of anuinodes, and
wherein an angle between an im-orbital plane component
ot the control maneuver and an n-orbital plane com-
ponent of a Line projecied [rom the satellite lo the sun
ts al least 30 degrees

man aers

per.’)

L]
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(57] ABSTRACT

A method for Easi/West stationkeeping of a geostation-
ary satellite matntains the osculating value of longitude
from exceeding a specified deadband for a specified
dnft period berween maneuvers In the planning, the
mean longitude, the mean drift rate and the mean eccen-
tncity vector are calculated and then maneuvers are
executed to maintain the values below a magnitude such
that the osculaung longitude will be within the specified
deadband over a specified dnft period The target con-
ditions are achieved through a plurality of maneuvers
winch imitate a period of free dnift which lasts for a
specified number of days Dunng the free-drifi perod,
longitude remains within its deadband, and no addi-
tonal maneuvers are needed or are performed The
method has the advantage that 1t can take into account
limuations on thruster on-tme by allowing for a gener-
alized number of stationkeeping maneuvers.
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